Plants are colonized by diverse assemblages of fungal endophytes that have potential as biocontrol agents for a variety of crops, including grapevine. Although the diversity of symbionts can be very high in wild plants, the fungal endophytes of wild Vitis plants have not yet been investigated. We surveyed the fungal endophytes of six wild populations of Vitis riparia, as well as a cold tolerant, hybrid grapevine in five vineyards (one certified organic), using 454 pyrosequencing. We detected between 43 and 235 OTUs per sample, with the highest richness and diversity in the wild, the lowest in conventional vineyards, and intermediate levels in the organic vineyard. Wild plants supported a range of taxa not seen in the conventional vineyards, and vineyards were dominated by relatively few taxa. We also isolated fungi from the wild plants and tested them for their ability to inhibit pathogens of grapevine. Several wild isolates (e.g. Ramularia spp.) were strongly inhibitory to grapevine pathogens. We show that wild Vitis supports a distinct and highly diverse community of fungal endophytes, and may represent a rich repository of potential vineyard biocontrol agents.
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Introduction
Plants tissues support a wide array of endophytic fungi that colonize internally and asymptomatically (Rodriguez et al. 2009; Bacon and White 2000) . This diverse group of fungi has recently attracted attention for a variety of reasons, including their potential to protect plants from pathogens, either through competition for space within the plant tissue (Mejía et al. 2008), or by production of antimicrobial secondary metabolites (Aly et al. 2010; Kusari et al 2012; Zheng et al. 2016 ). Inhibition of pathogens by endophytic fungi has been demonstrated in a variety plant species, and appears to be a valuable strategy for biological control (Backman and Sikora 2008; Wicklow et al. 2005; Hanada et al. 2009; Hue et al. 2009 ). Advantages over chemical fungicides include persistent, systemic protection, fewer impacts on non-target organisms, and minimal potential for development of resistance mechanisms (Hahn 2014) .
Novel methods of disease control are particularly pertinent for vineyards, as grapevine is susceptible to a variety of pathogens, including powdery mildew (Uncinula necator), downy mildew (Plasmopara viticola) and grey mold (Botrytis cinerea), which can negatively affect the quality of the final product even at diffuse background levels (Gadoury et al. 2001; Steel et al. D r a f t
North American Vitis species may be more compatible with hybrids than with the parent V.
vinifera grown in warmer regions.
Some fungal endophytes are already commercially available for vineyard biocontrol, such as the black yeast Aureobasidium pullulans, used against Botrytis and postharvest decay (Schena et al. 1999; Chi et al. 2009; Schmid et al. 2011) . The mycoparasite Trichoderma harzianum can colonize plants endophytically and has been used against a variety of pathogens including powdery mildew (Harman et al. 2004 ). The secondary metabolites produced by endophytic Alternaria alternata are also effective against downy mildew (Musetti et al. 2006 ).
Other Vitis endophytes have also been proposed as potential biocontrol agents (Falk et al. 1996; Brum et al. 2012; Núñez-Trujillo et al. 2012; Cosoveanu et al. 2014 ), but so far, all have originated from within vineyards. In fact, the diversity of Vitis fungal endophytes has only been explored in cultivated plants (Casieri et al. 2009; González and Tello 2011; Pancher et al. 2012) and to the best of our knowledge, there have been no investigations of the fungal endophytes of wild Vitis, even though these plants should harbour a greater diversity of microbial symbionts than their domesticated counterparts (Elbeltagy et al. 2000; Zinniel et al. 2002; Campisano et al. 2015) .
We therefore set out to investigate the diversity and species composition of fungal endophytes colonizing the leaves of a cultivated hybrid grape variety, and the leaves of one of its native progenitors in eastern Canada using 454 pyrosequencing. We also sought to isolate fungal The Ontario sampling sites experience average daily temperatures from 20.5 o C in July to -6.9 o C in January, and monthly precipitation from 120 mm in January to 68 mm in April.
Average daily temperatures at the Nova Scotia sampling sites are similar; 19.5 o C in July and -5.9 in January, but the wettest month is November (134 mm) and the driest is August (78 mm).
Although L'Acadie blanc is relatively disease resistant, conventional vineyards generally control pathogenic fungi with sulfur and the broad spectrum phthalimide captan. Other synthetic compounds, such as triazols and dithiocarbamates may also be applied as required. The organic vineyard (V5) has applied only non-synthetic compounds, such as lime sulfur, potassium bicarbonate, and Bordeaux mixture (copper sulfate and lime).
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All samples were kept cool on ice and transported to Mount Saint Vincent University for processing within one week.
Sequencing of fungal endophyte DNA
For DNA extraction, the 12 leaves in each collection were randomly assigned to three sets of four leaves each. Using a sterile cork borer, three, 7mm disks of tissue were excised from each leaf and pooled across each set, resulting in three pooled tissue samples per collection, giving a total of 33 tissue samples (3 pooled samples per collection x 11 collections). Tissue samples were taken such that they included a portion of leaf vein to maximize the diversity of endophytes (Carroll and Petrini 1983) . Genomic DNA was extracted from each set of samples using the DNeasy Plant Mini Kit (Qiagen 
Characterization of endophyte communities
All bioinformatic analyses were conducted with the MacQIIME 1.8.0 pipeline (Caporaso et al. 2010 ). Sequences were de-multiplexed, assessed for quality and labeled using split_libraries.py. Chimeric sequences were then identified and removed using USEARCH 6.1 (drive5.com/usearch) along with a recently updated set of reference sequences (Nilsson 2015).
Sequences were then sorted into operational taxonomic units (OTUs ~ species) based on 97% similarity using USEARCH 6.1. A representative set of OTUs was then constructed and taxonomy assigned with the RDP classifier (Wang et al. 2007 ) in conjunction with the full International Nucleotide Sequence Database (INSD) and the UNITE database adapted for the QIIME pipeline. All singleton sequences were filtered from the data set and samples were rarified (equalized) to the number of sequences in the sample with the lowest sampling depth Species richness and diversity indices (Fisher's alpha) were calculated and significant differences between collecting locations detected by ANOVA, followed by Tukey's HSD. Betadiversity (the variation in diversity among collections) was assessed with the betadisper function of the Vegan package. Fungal species unique to each treatment were determined through taxonomic Venn analysis with the limma package (vennCounts function), and visualized as Venn diagrams using the Venneuler package.
Isolation of fungal endophytes cultures from wild grape leaves
To obtain cultures of fungal endophytes from the wild grape collections, a sterile cork borer was used to excise three, 7mm disks of tissue from each of the same 12 leaves collected at each of the six wild grape sampling locations (36 samples per site; 216 samples in total). Tissue was excised in a manner similar to that used for the DNA extraction described above, with each sample including a portion of leaf vein. The three tissue samples from each leaf were surface
To screen for biocontrol potential, all isolates were paired with cultures of the pathogen Botrytis cinerea (ARSL 141114.14) in confrontation tests. A subset of 15 isolates was also paired with the root pathogen Cylindrocarpon destructans (UAMH 10026). Each endophyte culture was transferred to the perimeter of a fresh malt-yeast plate and permitted to grow for one week (or until the mycelium reached the center of the plate in the case of fast growing species), after which the plate was co-inoculated with one of the pathogenic isolates. Fungal growth of each species was measured after one further week of growth. An inhibition index (I) was calculated as follows:
Where HP is the horizontal growth of the pathogen on the control plate or when paired with an endophyte, VP is the vertical growth of the pathogen, D is the horizontal distance between the pathogen and the endophyte, and HE is the horizontal growth of the endophyte culture.
The thirty isolates with the greatest inhibitory activity against B. cinerea (I > 33) were sub-cultured by single hyphal tip transfers to fresh media. DNA was extracted from the new cultures with the DNeasy Plant Mini Kit (Qiagen) and amplified using the ITS1F/NL6C2 primer pair described above. Sanger sequencing of the resulting PCR products was conducted using ITS1 and IT4 (White et al. 1990 ) as sequencing primers. Contig sequences were constructed from each resulting sequence pair using Sequencher 5 software, and the isolates identified by querying against GenBank accessions using BLASTn. Sequences from pure cultures have been deposited in GenBank as KX869937-KX869965.
A further subset of fifteen isolates were re-tested for inhibition of B. cinerea after subculturing, and all thirty identified cultures were transferred to agar slants in screw cap vials for Beta diversity was similar between wild and vineyard sampling locations.
The initial exploration of differences in fungal endophytes across sample types using taxonomic Venn analysis indicated that 55.3% of the vineyard fungi also occur in the wild, while only 19% of those found in the wild also occur in vineyards. Overall, only 16.8% of endophytes detected were common to vineyard and wild plants, while 87.9% of the endophytes found in the wild were unique to wild grape (Fig. 1a) . When comparing the organic vineyard to a single
representative of a conventional vineyard and a single representative wild collection, 29.8% of the endophytes were shared with the wild and 22.3% were shared with the conventional vineyard. However, 62.8% of endophytes found in the organic vineyard were unique to that location; more than twice the number of unique endophytes found in the conventional vineyard (Fig. 1b) .
Wild and vineyard endophyte communities also differed with respect to the fungal taxa present (Fig. 2) . Conventional vineyards were dominated by a relatively small number of genera, including Alternaria, which was the most abundant genus in conventional vineyards, but was far less common in the organic vineyard and the wild plants. Wild samples also had larger
proportions of rare OTU's (<1% of total sequences) than conventional vineyard samples, as well as larger proportions of unassigned taxa -sequences for which there were no, or only ambiguous, genus level matches within the sequence databases. The organic vineyard had fewer rare taxa than wild samples, but exhibited a similar level of unassigned taxa.
Certain genera, including Ramularia (4 OTUs), Subplenodomus (1 OTU) and Zymoseptoria (7 OTUs) were specific to wild samples and not detected in any of the vineyard samples. Dioszegia was common in the wild samples and the organic vineyard, but rare in the conventional vineyards. Aureobasidium was the most common genus overall, occurring in all sample types, although it was also more abundant in conventional vineyards than in the organic vineyard or in the wild samples. The variation among wild endophyte communities was relatively high, with Ramularia and Subplenodomus being particularly abundant in individual samples, whereas endophytes from conventional vineyards were more evenly distributed across samples.
The conventional vineyards, the organic vineyard and the wild grape plants also support distinctive endophyte communities at the level of individual OTUs (~species). In the non-metric multidimensional scaling (nMDS) of the most abundant OTUs, samples from the conventional vineyards (including the Ontario vineyard) cluster together toward the right of the diagram, while all the wild samples cluster together on the left. The three sub-samples from the organic vineyard fall between the other two groups, and are also positioned higher on the Y axis (Fig. 3a) . (Fig. 3b) .
Overall, the fungal communities colonizing vineyards and wild plants were significantly different (permanova p < 0.001), regardless of whether or not the organic vineyard was included.
Fungal isolates from wild grape
A total of 115 endophytes were isolated from the wild grape leaves. When paired with the pathogen Botrytis cinerea in confrontation tests, 85% inhibited the growth of B. cinerea to some extent (although only very slightly in some cases) (Fig. 4) . ITS sequencing revealed that the 30
isolates most inhibitory to Botrytis represented 15 genera and up to 21 species (Table 1) Pyrosequencing data indicates that of the groups of inhibitory fungi isolated, Ramularia spp. were not uncommon (2% of all sequences), but were detected only in the wild samples.
Phoma accounted for 17% of all sequences and was common in both wild and vineyard samples.
Both the Xylariaceae and Fusarium appear rare, with fewer than 10 sequences of each detected across all sample types. Neither Peyronellaea nor Lecythophora sequences were detected by pyrosequencing. pullulans more frequently in vineyards using synthetic fungicides than in those using nonsynthetic fungicides. One possible explanation for this discrepancy may lie in the nature of the fungicides applied in the organic vineyards, as the organic vineyard in our study applies lime sulfur, which is not recommended for use in conjunction with the A. pullulans based biocontrol agent.
DISCUSSION

Endophyte diversity in vineyards and in wild plants
Antifungal activity of isolated cultures
Screening of cultures isolated from wild Vitis leaves showed relatively high levels of
Botrytis inhibition by isolates of Fusarium, Phoma, Lecythophora, Hypoxylon and
Ramularia. Although some species in each of these genera are implicated in plant disease to some extent, the effects of fungal endophytes can vary greatly among host species, sometimes eliciting disease symptoms on certain plant species but not others (Redman et al. 2001 ). For example, Fusarium circinatum causes pitch canker on conifer trees, but also colonizes corn and other grasses without inducing negative symptoms (Swett and Gordon 2015) .
Fusarium acuminatum successfully inhibited Botrytis in the present study, and is not known to cause disease on grapevine. However, this species is implicated in mycotoxin production (Visconti et al. 1989) , and may therefore be a poor choice for vineyard biocontrol.
Other, more promising endophytic Fusarium species exist, but were not detected in the present study, such as F. proliferatum, which is active against powdery mildew of grape (Plasmopara viticola) (Falk et al. 1996) .
Isolates of Phoma and the related Peyronellaea also inhibited Botrytis in culture.
Although many species in both genera are involved in disease processes, some endophytic
Phoma species produce potent antimicrobial secondary metabolites (Strobel et al. 2011; Arora et al. 2016) , which may have potential as new biopesticides against other fungal pathogens.
Another somewhat inhibitory endophyte isolated from wild Vitis leaves was Lecythophora hoffmannii. Although mainly isolated from soil, it also grows endophytically, and has been isolated previously from Vitis (young V. vinifera buds) (Casieri et al. 2009 ). Rosa et al.
(2012) showed that extracts of endophytic Lecythophora spp. from Smallanthus (Asteraceae) inhibit plant pathogenic fungi, and Sugijanto et al. (2011) demonstrated that an endophytic species of Lecythophora produces the antifungal compound lecythomycin.
We also isolated inhibitory species of Hypoxylon and Biscogniauxia (Xylariaceae) from wild plants. Although some species of Xylariaceae (e.g. H. mammatum and Rosellinia spp.) can cause root rots, cankers and needle blights in woody plants (Whalley 1996) , an endophytic species of Xylaria has been isolated from leaves of cultivated Vitis labrusca that inhibits the vineyard pathogen Fusarium oxysporum (Brum et al. 2012) . Also, an endophytic species of
Hypoxylon produces a wide variety of volatile organic compounds with antimicrobial activity against the plant pathogens Botrytis, Phytophthora, Cercospora, and Sclerotinia (Tomsheck et al. 2010; Ul-Hassan et al. 2012) . Xylariaceous fungi from wild Vitis may therefore warrant further investigation with respect to their potential as vineyard biocontrol agents.
D r a f t and Lamikanra 1997), and P. vitis is considered a "minor foliage disease" of grapevine in warm
climates (Pearson and Goheen 1988) . However, our isolates of Ramularia grow slowly in culture, and appear to be good examples of fungi that focus their energy on the production of antimicrobial secondary metabolites rather than rapid growth (Mejía et al. 2008) . Therefore, even if these isolates were to prove inappropriate for use as direct biocontrol agents due to pathogenicity to hybrid grape cultivars, their metabolites should be further explored as potential biopesticides (Reino et al. 2008; Wang et al. 2013 ).
We have demonstrated that wild Vitis plants support highly diverse communities of fungal endophytes. As several of these inhibit pathogenic fungi in vitro, and some do not appear to be present in the vineyards sampled, they likely represent a rich source of potential vineyard biocontrol agents. Future work should involve the inoculation of cultivated Vitis seedlings with endophytes cultured from wild plants in order to assess the reaction of the host to colonization (Yang et al. 2016 
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